Harnessing the orbital angular momentum (OAM) of light is an appealing approach to developing photonic technologies for future applications in optical communications and high-dimensional quantum key distribution (QKD) systems. An outstanding challenge to the widespread uptake of the OAM resource is its efficient generation. In this work we design a new device that can directly emit an OAM-carrying light beam from a low-cost semiconductor laser. By fabricating micro-scale spiral phase plates within the aperture of a vertical-cavity surface-emitting laser (VCSEL), the linearly polarized Gaussian beam emitted by the VCSEL is converted into a beam carrying specific OAM modes and their superposition states, with high efficiency and high beam quality. This new approach to OAM generation may be particularly useful in the field of OAM-based optical and quantum communications, especially for short-reach data interconnects and QKD.
INTRODUCTION
Optical beams with phase singularities, also known as optical vortices, were first discussed by Nye and Berry in 1974 [1] , who identified singularities within randomly scattered fields. In 1992, Allen et al. recognized that orbital angular momentum (OAM) is a natural characteristic of all helically phased light beams, and could be readily generated in a standard optics lab [2] . Beams carrying OAM are attractive as they offer a theoretically unbounded number of possible states, and have therefore been a subject of great interest for a variety of fundamental and applied research activities at both the classical and the single-photon level. Applications include communication [3] , optical manipulation [4] , optical microscopy [5] , remote sensing [6] , and quantum information [7] . Beams with a well-defined state of OAM have a complex field characterized by expilφ, where φ is the azimuthal around the optical axis, and l is the topological charge, an integer describing the number of 2π phase changes around the beam axis. Such beams can be created by imposing an azimuthally dependent phase structure onto the beam. This is routinely achieved by using bulk optical components such as spatial light modulators (SLMs). Despite offering great flexibility, SLMs suffer a slow response time limited to milliseconds, and have no clear route to miniaturization. In emerging OAM-based classical or quantum information systems utilizing optical fibers [8] or free-space [9] transmission, a key requirement is integrated components that generate OAMcarrying beams in a compact and cost-effective way.
Recently, several silicon photonics integrated OAM emitters, which convert planar waveguide modes into free-space OAM modes [10] [11] [12] , have been reported as potential candidates for future communication systems. These are significantly more compact and robust than their bulk optics counterparts. However, as passive devices, they require external lasers sources, which not only increases the cost and the complexity but also reduces the power efficiency, which can be critical for many applications [3, 8, 9] . Therefore, power-efficient active OAM-emitting devices that can be fabricated in large quantities at low cost, and can form integrated emitter arrays, are highly desirable.
Here, we report a novel approach to generating specific OAMcarrying beams by integrating micro-sized spiral phase plates (SPPs) in the aperture of vertical-cavity surface-emitting lasers (VCSELs). The VCSEL device represents an attractive light source in many industrial applications due to its low fabrication cost, high energy efficiency, circularly symmetric beam profile, and high intrinsic modulation bandwidths [13, 14] . There has also been intense research into the use of VCSEL-like devices as singlephoton sources [15] and as low-cost sources in quantum key distribution (QKD) systems [16] . By integrating VCSELs with our additional phase structures, high-purity OAM modes and their superposition states can be generated while maintaining advantages in cost and power efficiency. Photonic components can be produced, which are highly suitable not only for OAMbased optical communications systems, but also for quantum systems [17, 18] . Figure 1(a) illustrates the structure of a commercially available single-mode and linearly polarized VCSEL that has been integrated with an SPP. The laser consists of an active lasing region sandwiched between two distributed Bragg reflector (DBR) mirrors. The devices include a nano-grating in their aperture surface for polarization control so that linearly polarized beams are emitted. In the unmodified device, when electric current is injected through the top P-contact and the bottom N-contact, a Gaussian beam is emitted from the aperture at a wavelength of 860 nm with a typical threshold current of 1 mA. A maximum output power of 4 mW can be achieved with an injected current of 6 mA. An l -fold helical phase front can be imprinted on the emitted beam by fabricating a SPP in the aperture of the VCSEL. Figure 1 (c) shows a sketch of a SPP, which imparts the desired helical phase term, expil φ, by possessing a dielectric layer of graduated thickness that varies with the azimuthal angle around the center of the plate. Spiral phase shift sectors with a 0-2π phase variation can be achieved, and are repeated l times (where l 3 in the case of Fig. 1(c) ). In our stepped SPP design, the total phase shift of 2π is divided into eight equally spaced discrete levels within each phase shift sector. To achieve a full 2π phase shift, the height required is λ∕n r − n 0 , where n r is the refractive index of the SPP material and n 0 is the refractive index of the surrounding medium. Therefore the total step height of the SPP, h s , is given by N − 1λ∕N n r − n 0 , where N is the number of levels (eight in this case). From Fig. 3 (c) it can be seen that h s 836 nm (using n r 1.9 for silicon nitride, n 0 1, λ 860 nm, and N 8). Figure 1(d) shows an SEM image of an etched SPP (l 3), where the multisector, multistep SPP structures are displayed. The SPPs were fabricated in a 1000 nm thick silicon nitride film deposited on the top of the VCSEL and patterned using a focused ion beam (FIB) etching technique (see Supplement 1).
VCSEL DEVICES AND FABRICATION OF SPPS

STRUCTURES AND TOPOLOGICAL CHARGE MEASUREMENT RESULTS
The fabricated SPPs in the aperture of the VCSEL with various OAM mode orders are pictured in Figs. 2(a1), 2(b1), 2(c1), and 2(d1). The light-current (L-I) curves and spectral characteristics of the VCSEL devices remain unchanged after the SPP fabrication process. We image the farfield intensity distribution of the generated OAM beams. For l 0, as shown in Fig. 2 , row a, the emitting area is only covered by the silicon nitride film, so the farfield of the generated beam remains Gaussian. We included this modification to demonstrate that the addition of a dielectric layer on top of the VCSEL had no adverse effect on its operation. For devices with a SPP of nonzero topological charge, annular intensity distributions are observed, as displayed in Figs. 2(b2), 2(c2), and 2(d2). These intensity distributions are in good agreement with those expected of optical vortex modes as given by semianalytical simulations of light emitted from VCSELs integrated with eight stepped SPPs [Figs. 2(b3), 2(c3), and 2(d3)] (see Supplement 1). As expected, higher values of the topological charge, l , yield larger diameter annular farfield intensity distributions, and exhibit a dark spot on the optical axis due to the phase singularity at the vortex core. The simulated spiral phase patterns of the farfield are illustrated in Figs. 2(b4), 2(c4), and 2(d4). It can be observed that the number of the helical arms is equal to the number l of the helical phase front of the OAM beam.
The emitted beams are further characterized using computed holograms displayed on a SLM to confirm their topological charge. The liquid-crystal-based SLM has dimensions of 7.68 mm × 7.68 mm, 512 × 512 pixels, and a working wavelength range of 760-865 nm. The optical setup to perform the beam OAM analysis is shown in Fig. 2(e) [19] . The VCSEL emitter is placed at the front focal plane of the objective lens, which produces the Fourier transform of the emitted beam in its back focal plane. This plane is then reimaged to the plane of the SLM using a 4f imaging system (lenses 1 and 2). The half-wave plate is used to rotate the polarization of the linearly polarized transmitted light to the correct orientation for the polarization-dependent SLM. After diffraction by the SLM, there is another 4f system (lenses 3 and 4) to magnify the beam before it is imaged onto the CCD camera using lens 5.
In order to measure the OAM spectrum (which represents the relative mode content) of the generated beams, we sequentially display a series of forked phase holograms on the SLM. Each possesses a topological charge of l 0 , which imparts an additional phase term of expil 0 φ to light diffracted from the SLM into the first order of the diffraction pattern. Figures 2(f)-2(i) show the intensity distributions of the beams diffracted from the SLM, emitted 
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by VCSELs integrated with SPPs of l 0; 1; 2, and 3. The obtained images represent OAM beams with a topological charge of l 0 l . When an optical vortex beam of topological charge l is incident upon the SLM with a forked phase mask of topological charge l 0 −l , a Gaussian beam is transmitted into the first-order diffraction pattern, and the annular intensity distribution is replaced with that of a Gaussian beam with a peak intensity on axis (and therefore a bright spot at the center). In the cases of l 0 ≠ −l , the annular farfield intensity distribution is due to an OAM beam of order l 0 l . As an example, Fig. 2 , row g, shows the transmitted beam from a VCSEL integrated with a SPP of topological charge l 1, and Figs. 2(g1)-2(g9) show the measured intensity distributions after the beam has diffracted from the SLM displaying holograms of l 0 −4 to l 0 4. In Fig. 2(g6) , where l 0 −1, the transmitted beam contains a bright spot (indicating a major Gaussian component of the beam) on axis at the center of the image.
In addition to the generation of individual OAM states, a key strength of our approach is that we can further design composite SPPs that can generate beams carrying a superposition of multiple well-defined OAM states. For example, a concentric SPP consisting of an inner region with a SPP of topological charge l 1 surrounded by an outer region with a SPP of topological charge l −2, can be used to convert the Gaussian beam of the VCSEL into superposition states of j 1i and j − 2i, as shown in Figs. 3(a1) and 3(b1) . By setting the diameter of the inner region of the SPP to 3.8 μm (to be compared with the VSCEL total aperture diameter of 8.5 μm) as shown in Fig. 3(d) , an equal weighting of the j 1i and j − 2i components can be achieved as they each intercept an equal amount of light energy flux (this diameter is indicated by the dashed black line). Furthermore, by changing the relative orientation of the inner and outer regions of the SPP, the relative phase of j 1i and j − 2i components can be tuned from 0 to 2π.
The interference patterns of two OAM modes generated by conventional approaches have been demonstrated before [20] [21] [22] [23] , and produce "petal" patterns with a number of lobes equal to the modulus of the difference in topological charge between the two interfering beams. In our case this is equal to l inner -l outer . To demonstrate this we constructed two composite SPPs that can generate superpositions of j 1i j − 2i and j 1i − j − 2i, respectively, as shown in Figs. 3(a) and 3(b) . In Figs. 3(a2) and Research Article 3(b2), petal-like intensity patterns are observed, which agree very well with the numerical simulations presented in Figs. 3(a3) and 3(b3). The presence of the petalled intensity distributions is a signature of the interference of the beams and the presence of a superposition state of coherent modes. This can be contrasted with Fig. 3(c) , which shows a simulation of the intensity distribution formed by an incoherent mixture of states, which is a sum of the individual intensities (hence no interference) rather than a sum of their complex fields.
We again used the setup shown in Fig. 2 (e) to characterize the OAM spectra of the beams generated from VCSELs integrated with the composite SPPs shown in Figs. 3(a1) and 3(b1) . The resulting intensity distribution for a VCSEL with a composite SPP of a superposition state j 1i j − 2i is shown in Fig. 3 , row e. As expected, now on-axis central bright spots can be observed for two values of l' displayed on the measurement SLM [ Figs. 3(e3) and 3(e6) ], corresponding to SLM topological charge of l 0 −1 and l 0 2. This indicates the simultaneous presence of the two OAM states.
The generation of OAM superposition states demonstrates our integrated OAM VCSEL device as a promising candidate for OAM-based quantum communication systems. For example, there are three mutually unbiased bases for a two-dimensional system, which in our case can be defined by the normalized bases [24] : basis 1 j 1i; j − 2i; basis 2 1∕ ffiffi ffi
For clarity, these are analogous to the three mutually unbiased polarization state bases (also a two-dimensional system) defined by left circular and right circular polarization, horizontal and vertical polarization, and diagonal and antidiagonal polarization. However, as our system is composed of spatial modes, the unlimited value that can be taken by the topological charge l , means that it is readily extended beyond two-dimensional QKD protocols to higherdimensional quantum systems [25, 26] .
By measuring the on-axis intensity in the farfield intensity distributions as the SLM hologram is sequentially varied through a range of values of l 0 [27] , the relative power in each of the conjugate modes l 0 −l can be inferred, yielding the OAM spectrum of the generated beams (see methods in Refs. [3, 28] for more detail). As can be seen in Figs. 2(g)-2(i) and 3(e), some degradation of beam quality can be observed. The measured spectra display a small amount of power in OAM modes adjacent to the desired mode. This can also be seen from the presence of lowintensity rings surrounding the on-axis light in images in Fig. 3 . In theory, the SPP is not a pure OAM mode converter [29] , and the discrete nature of the stepped SPP results in a small degradation in beam purity, depending on the number of the steps in one phase sector [30] . However, this is a small effect, and Fig. 4 presents the simulated and measured mode purities for OAM beams generated by the VCSELs with different topological charges. The simulated OAM mode purity and weight values are calculated by the overlap-integral method [31, 32] (see Supplement 1). In the case of l 0, the measured purity of the OAM mode is approximately 95%, which can be attributed to factors such as limited flatness of the silicon nitride film, in addition to any aberrations within the optical system [3] . The measured mode purity values for l 1, l 2, and l 3 are 89%, 84%, and 78% compared with the simulation results of 98%, 99%, and 99%, respectively. In terms of the superposition OAM state, as shown in Fig. 4(e) , the mode energy is nearly equally distributed into j 1i and j − 2i with the values of 34% and 38%, respectively, while the corresponding simulated values are both 49%. The two experimental values sum to 82%, which is similar to that of 84% obtained with the single l 2 mode. In the measured results, mode purity degradation could arise from rotational symmetry-breaking factors, such as the nonideal intensity distribution of the emitted beam from the VCSEL (i.e., deviation from Gaussian distribution), any small misalignments between the optical axis of the VCSEL and SPP's centers [3] , and imperfections in the SPP fabrication. Also any small misalignments in the optical system will cause spreading of power into nearby modes [33] . Therefore, the measured purity of OAM modes is limited as a result of the generation of unwanted modes due to these nonideal factors [34] . The mode impurity resulting from the VCSEL and SPP itself could be further improved by more accurate control over the height of each step in the SPP One of the potential issues associated with the SPP in the VCSEL aperture is its backreflection. Feedback is known to disturb laser modes. In this case, however, the reflected wave from the SPP top surface also has a spiral phase front that makes the reflected mode orthogonal to the plane wave cavity mode. Hence we expect very little coupling of the reflected light back into the laser mode.
CONCLUSION
OAM lasers that emit beams with well-defined individual and superpositions of OAM states have been demonstrated based on single longitudinal and polarization mode VCSEL devices integrated with micro-sized SPPs. Although the generation of OAM beams using SPPs is a well-known technique, our integrated approach enables low-cost wafer-scale fabrication that is especially attractive for array applications [8, 9, 32, 35] . It is conceivable that large-scale fabrication techniques, especially nano-imprinting, could be used to fabricate the integrated SPPs in polymeric materials in a single step, as the total depth of all SPPs is the same regardless of their topological charge.
The ability to emit multiple OAM modes in a concentric fashion is useful for a variety of applications. For example, the production of OAM superposition states is particularly attractive to QKD applications [17, 18] , by transmitting information encoded in OAM states in one of several mutually unbiased bases [26] . In the future, our method could be extended to emit more OAM states from a single VCSEL device, making this scheme another alternative approach to achieving a free-space quantum communication system [36, 37] . We foresee that there may also be applications in other areas, such as optical trapping [38] , quantum metrology [39] , and remote detection [40, 41] , where the ability to maintain the coherence between the states is important.
The multi-OAM state emission scheme could be further extended by making electrically isolated concentric VCSEL apertures, each with its own integrated SPP, in order to independently modulate the power of each of the many concentric OAM VCSELs within the device. For example, dual-contact VCSELs that emit two independently switchable beams on the same axis are already commercially available [42] . OAM multiplexed highcapacity optical communications could thus be enabled with the reported modulation bandwidth of VCSELs extending well into several tens of gigahertz [43] .
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